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Abstract: We demonstrate second harmonic generations in quasi-phase matched cladding
waveguide structures fabricated by direct femtosecond laser writing. Waveguides with circular
section are inscribed in z-cut MgO doped stoichiometric lithium tantalate with fan-out χ(2)
grating structures. The ferroelectric domain-inverted fan-out grating period seamlessly varies
from 7.5 to 8.2 µm. Seven individual waveguides with step changed periods are fabricated.
The minimum insertion loss of the cladding waveguides is about 0.54 dB at wavelength of
1064 nm. Temperature tuned second harmonic generations of 1064 nm for different quasi
phase matched grating periods are demonstrated by using continuous wave and pulsed laser. A
comparable normalized conversion efficiency of 3.55%/(W·cm2) is obtained for 7.91 µm period.
The maximum power conversion efficiency of 54.3% was obtained under a pump peak power of
282 W.
© 2019 Optical Society of America under the terms of the OSA Open Access Publishing Agreement
1. Introduction
MgO doped stoichiometric lithium tantalate (SLT) crystals have been spotlighted as an ideal
candidate for nonlinear optical processes owing to its high optical nonlinearity (d33≈13pm/V) and
high optical damage resistance [1,2]. MgO doped SLT shows several advantages over LiNbO3,
such as shorter ultraviolet cut-off wavelength down to 0.28 µm, lower coercive fields, and tiny
absorption of green-induced infrared wave [3–5]. Some significant results have been achieved in
SLT bulk configuration including the high-power second harmonic generation (SHG) in green
spectral region, high energy level as high as 21 mJ in the pulsed regime and optical parameter
generation in the near-infrared in high repetition rate [4–9]. The birefringent phase matching and
quasi phase matching (QPM) is the most common methods to achieve SHG in optical crystals.
Due to its weak birefringence, the birefringent phase matching is not allowed in SLT crystal. The
QPM in SLT accesses the material’s largest optical nonlinear coefficient d33. In addition, the
QPM allows one to design flexible domain-inverted grating pattern to achieve effective nonlinear
conversion at various wavelength [10–13]. Nevertheless, the typical QPM devices possess a
single, fixed-period domain grating pattern. This design could be limited when some applications
requires seamlessly tune the wavelength over a broad and complete spectral range. Based on this
requirement, the design of fan-out domain-inverted grating pattern provides an ideal and efficient
way [14–15].
Optical waveguides, as the basic components in integrated photonics, could confine the light
fields in a small volume tightly with a long interaction length [16]. Therefore, much higher optical
intra-cavity intensities could be achieved with respect to bulk materials. Some optical properties,
e.g., nonlinear response and laser performance might be enhanced [17–20]. Benefiting from the
compact geometry of cross section and long interaction length, frequency conversion in nonlinear
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waveguides structure can be realized in a much lower power level than bulk configuration. Hence,
optical waveguides in nonlinear crystals have become one of the preferred choices for frequency
doubling [21–25]. To fabricate waveguides in LT crystal, diverse techniques have been widely
employed. Especially, annealed proton exchange is the most common-used methods [26,27].
Although this manner provides high quality waveguides, they are limited to a two-dimensional
planar configuration at the device surface. Moreover, this solution requires complicated multi-step
fabrication processing. Recently, femtosecond laser writing has become an efficient and flexible
technique to fabricate versatile waveguides at three-dimension geometry in diverse transparent
materials since the work of Davis et al in 1996 [28–35]. During the processing of femtosecond
laser writing, permanent and stable index modification can be created in the focal volume
though nonlinear processes such as tuning ionization, multiphoton absorption and avalanche
ionization. As a result, this refractive index change can be used for waveguide fabrication
[36]. The femtosecond laser induced negative refractive change (∆n<0) usually employed as the
configuration of Type II waveguides and depressed cladding waveguides [37–40]. In order to
allow efficient frequency conversion, low-loss high quality waveguides are required while keeping
the large nonlinear coefficients of bulk. Thus, the geometry of depressed cladding waveguides
is favorable since it consists an undamaged circular core surrounded by many tracks with low
index change. In addition, it allows one to create desired cross-sectional dimension and eases
to integrate with optical fibers [41–43]. In recent studies, PPSLT waveguides with three/five
cladding layers are fabricated by femtosecond writing [44]. The waveguides show excellent
guiding at infrared waveband with very low propagation loss. However, the fabrication process
is complicated and the normalized SHG conversion efficiency is limited to 0.16%/(W·cm2) in
the high-power continuous wave (CW) regime. In our previous work, because of self-focusing
in the process of femtosecond laser writing, the laser-induced tracks have multi-foci. Thus, the
propagation loss is high, which leads to a deteriorated performance. The nonlinear conversion
efficiency is as low as 0.74%/(W·cm2) in low-power regime [45]. To generate high quality
waveguides and efficient SHG conversion efficiency in PPSLT, further exploration of femtosecond
laser witting parameter is required urgently.
In this work, we report on the quasi phase matched SHG in depressed cladding waveguides in
fan-out MgO doped PPSLT crystal fabricated by femtosecond laser direct writing. The minimum
insertion loss of the fabricated waveguides is about 0.54 dB at wavelength of 1064 nm. Seven
circular waveguides are fabricated in different position of fan-out crystal with 30 µm diameter,
corresponding to different poling period. The second harmonic characteristics at 532 nm are
investigated with CW and pulsed lasers at varied fundamental peak power. In the CW laser regime,
the highest nonlinear conversion efficiency is 3.55%/(W·cm2) for 7.91 µm poled period. In the
short pulsed laser regime, a comparable normalized conversion efficiency of 3.81%/(W·cm2) is
obtained at low pump power. The maximum power conversion efficiency of 54.3% was achieved,
corresponding to a SHG peak power of 153 W and an incident fundamental power of 282 W.
2. Experimental details
The z-cut 1mol% MgO doped fan-out PPSLT crystal used in this work is cut into the wafer with
dimensions of 0.5 (z) × 11 (x) × 7 (y) mm3. The ferroelectric domain-inverted grating pattern is
fan-out across the width of the sample with seamlessly varied poling period from 7.5 to 8.2 µm.
The fabrication process of femtosecond laser direct wiring waveguides is based on a Ti:Sapphire
amplified femtosecond laser system (Spitfire, Spectra Physics). The linear polarized laser pulse
has a temporal duration of 120 fs, a 1 kHz repetition rate, and 1 mJ maximum pulse energy at a
central wavelength of 800 nm. Figure 1(b) depicts the schematic illustration of femtosecond laser
fabrication process. The laser beam is focused by a 40×microscope objective (N.A.= 0.65) at
100 µm beneath the sample surface (11 × 7 mm2). The explored pulse energy is reduced by a
calibrated neutral density filter. The sample is hold on a PC-controlled 3D motorized stage with
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a spatial resolution of 100 nm. Different pulse energies (ranging from 0.1 to 0.7 µJ) are tried to
find the favorable pulse energy and the value of 0.22 µJ is selected to fabricate the waveguides.
In order to fabricate the low-index tracks, the sample is scanned by the femtosecond laser at
a constant speed of 500 µm/s along the x-axis (11-mm edge) while producing a damage track
inside the sample. The writing procedure is repeated and 28 elliptical tracks with 3 µm lateral
separation are produced at different depth to construct the circular cladding geometry. Seven
depressed cladding waveguides with 30 µm diameter are fabricated at different position of the
fan-out sample, corresponding to the different poling period.
Fig. 1. The fabrication process of depressed cladding waveguides in fan-out PPSLT crystal.
(a) The schematic diagram of the fan-out domain-inverted grating with pattern period
seamlessly vary from 7.5 to 8.2 µm. Seven waveguides are fabricated at different position
of sample, corresponding to the poling period from 7.83 to 7.95 µm with steps of 0.02
µm within the pattern. (b) Schematic plot of femtosecond laser direct writing. (c) Optical
microscope cross-sectional image of waveguides No. 1 to No. 7, corresponding to 7.83 to
7.95 µm. The inset picture is the optical microscope image of waveguide No. 5.
To experimentally characterize the propagation properties of the femtosecond laser written
waveguides, a typical end-face coupling system is employed to measure the propagation loss
and the mode intensity profiles. An optical microscope (Axio Imager, Carl Zeiss) is used to
collect the optical cross-sectional images. The propagation attenuations of seven waveguides
are evaluated by direct measure the input power and output power of the transmitted laser beam.
Additionally, we utilize Fabry-Pérot (FP) interference method to obtain the propagation loss
around 1.55 µm. The light from a tunable semiconductor laser (TSL210VF, Santec, Japan) is
butt coupled to the cladding waveguides by a polarization-maintained single mode fiber. The
output power is collected by an objective lens. The wavelength tuning range is from 1260nm to
1630 nm.
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The SHG experiments is carried out under the similar end-face coupling arrangement in the
continuous-wave and pulsed laser, which is shown in Fig. 2. A linear polarized CW laser and
Q-switched pulsed laser (5.2 ns, 3.62 kHz) operating at 1064 nm are implemented as fundamental
laser source. The laser is along TM polarization controlled by a half-wave plate to use the largest
second order nonlinear coefficient, d33. The incident laser and frequency doubling laser are
coupled by similar 25× objective lens. An optical low pass filter (OLPF) is employed to separate
the fundamental and second harmonic laser. The power meter and CCD camera were used to
characterize the power and mode profile of the out coupling light, respectively. In order to adjust
the temperature of quasi-phase-matching, the sample is placed on a heating oven (Thorlabs,
PV10), which could tune the temperature from room temperature to 200°C.
Fig. 2. Schematic plot of experimental arrangement for SHG in depressed cladding
waveguides in MgO doped fan-out PPSLT crystal.
3. Results and discussion
The schematic diagram of the ferroelectric domain-inverted fan-out grating pattern and the
position of waveguides array are shown in Fig. 1(a). The grating period is smoothly varied from
7.5 to 8.2 µm. Figure 1(c) depicts the optical cross-sectional microscope images of waveguides
Nos. 1-7, corresponding to the poling period of 7.83, 7.85, 7.87, 7.91, 7.93 and 7.95 µm.
All the waveguides have the same diameter of 30 µm. In order to fabricate low-loss and high
quality waveguides, further exploration of the optimized fabrication condition in our experiments
is necessary. At the previous work [45], the appearance of multi focus point induced by the
self-focusing in the process of fabrication cause the irregular high order mode profiles, which
could lead to big propagation loss. In this work, we decrease the focal depth to 100 µm beneath
the surface. For the shallower focal depth, the spherical aberration effect can be reduced to form
a more compact focalization. Self-focusing could also be prevented so than energy threshold
for the track formation is lower [38]. In this work, a lower pulse energy of 0.22 uJ is used to
construct a nearly perfect circular waveguide with 28 elliptical tracks, which is shown in the
inset picture of Fig. 1. The insertion loss is determined by comparing the pump power of 1064
nm measured at the input/output facets while maintaining the temperature of the sample away
from the phase matching temperature. The measured insertion loss results are list in Table. 1.
Since the losses of Fresnel reflection of the front/rear facets (about 1.21 dB) and the objective
lens transmission (about 1.22 dB) are the same for seven waveguides, both losses were excluded.
All the insertion losses of seven waveguides are well below 1 dB. We note that the insertion
loss contains the propagation loss and the coupling loss between the input focus spot and the
waveguide mode profile, which means that both losses are satisfied for the next SHG applications.
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Notably, minimum loss of waveguide No. 5 at 1064 nm is 0.54 dB for ne polarization. Compared
with the 2.1 dB/cm propagation loss of ne polarization in previous work [45], the insertion loss
value in our work are promoted greatly. We characterized the propagation loss of the sample
further by using the Fabry-Pérot (FP) interference method. By tuning the wavelength of the
transmitted laser around 1.55 µm, the propagation loss can be evaluated from the interference

















Where L is the effective length of light propagating in the sample. R is the Fresnel reflectance.
Imax and Imin are the maximum and minimum transmitted power. Table 1 lists the propagation
losses of the cladding waveguides in PPSLT. The minimum loss is 1.56 dB/cm for No. 5 at 1.55
µm along ne polarization. The interference fringes of cladding waveguide No. 5 is presented in
Fig. 3(a). It is evident that the waveguides show better guiding performance under 1.064 µm
compared to 1.55 µm. The larger propagation loss under 1.55 µm is induced by the tunneling
loss which is more remarkable at longer wavelength.
Fig. 3. (a) The FP interference fringe of the waveguide No. 5 measured by wavelength
tuning. Propagation loss of waveguide No. 5= 1.56 dB/cm at 1550 nm. (b) The spectra of
the fundamental laser beam at 1064 nm and the SHG at 532 nm transmitted of MgO: PPSLT
cladding waveguide.
Figure 3(b) illustrates the normalized laser spectra of the fundamental laser beam at 1064 nm
(CW) and the SHG at 532 nm. By tuning the temperature of sample, QPM is realized in all seven
of the cladding waveguides with different poling periods. Second harmonic power as a function
of the crystal temperature is shown in the Fig. 4(a). As we can see, there is a power peak when
temperature is 81.5°C, corresponding to the phase-matching temperature with the poling period
of 7.91 µm. The near-field mode-profiles of second harmonic 532 nm and fundamental wave
1064 nm at the phase-matching temperature are depicted in Figs. 4(b) and 4(c). It is clearly that
both mode patterns are well confined in the manner of single mode which means a good spatial
overlap in the QPM process.
To demonstrate the relationship between the QPM period and corresponding temperature and
to emphasize the potential applications for multi-wavelength on-chip SHG, we investigate the
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Table 1. Propagation attenuations of depressed cladding waveguides
Waveguides
Insertion loss at 1064 nm (dB) Propagation loss at 1550 nm (dB/cm)








Fig. 4. (a) Experimental temperature tuning curve of SHG output power of 11 mm long
PPSLT waveguide with 7.91 µm QPM period (No. 5) measured by CW laser. (b) The
near-field mode-profiles of second harmonic 532 nm and (c) fundamental wave 1064 nm at
the phase-matching temperature T= 81.5 °C. The yellow dotted circles in (b) and (c) are the
sign of the written tracks.
SHG effect of all seven of the cladding waveguides with different period. According to the
inscription geometry, the QPM period of the seven waveguides is stepwise reduced by 20 nm
from 7.95 to 7.83 µm. Figure 5(a) shows the temperature dependence of the SH output power
of all seven waveguides with different periods. It can be clearly seen that the waveguides with
different poling periods have different QPM temperature, in which the SH power would reach its
maximum. We plot the relationship between the periods of seven waveguides (Nos. 1-7) and
the corresponding QPM temperature. Accordingly, the QPM temperature shifts by 10°C while
changing the period per 20 nm of waveguides Nos. 1-7. A shorter QPM period corresponds to
a higher QPM temperature. We have also depicted the QPM temperatures of different periods
of bulk materials in Fig. 5(b). Notably, in the same poling period, the QPM temperature of
waveguide is lower than bulk material, which could attribute to the dispersion deviation of the
cladding waveguide structure compared to the bulk material.
We then keep each waveguide at their exact QPM temperature to measure the second harmonic
power at 532 nm while the incident fundamental power is varied. Figure 6(a) depicts the
dependence of SH power and normalized conversion efficiency on the incident fundamental
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Fig. 5. (a) Normalized temperature tuning curve of all seven waveguides with different
periods, corresponding to different QPM temperature. (b) The calculated QPM temperatures
corresponding to different periods of bulk materials (yellow line) at wavelength of 1064
nm. The seven blue circles denote the QPM temperatures of the seven cladding waveguides
(Nos.1-7).
power of the waveguide No. 5 with the 7.91 µm poling period at the CW laser regime. The SH
power follows the quadratic law in the CW laser. In the low conversion efficiency regime where
the depletion of fundamental wave can be ignored, the normalized conversion efficiency can be








where P2w is the SH output power of 532 nm, L is the efficient guided length and Pω in is the
incident fundamental power at 1064 nm. Aeff is the nonlinear interaction area. A SH power of
14.87 mW could be generated for an incident fundamental power of 744 mW. The maximum
normalized conversion efficiency of 3.55%/(W·cm2) is achieved in a 11 mm long waveguide
with periodically poled length of 8.7 mm. which is more than five times higher than the result
published in the recent work [45]. Since the overlapping between the fundamental and SHG









where ω and 2ω represent the fundamental and SHG waves, respectively. The calculated value
of No. 5 waveguide is about 387 µm2, means a predicted conversion efficiency of 5.2%/W/cm2.
The calculated interaction area here is much smaller than our previous value of 917 µm2 in ref 45.
It also explain the promoted conversion efficiency in the present waveguide. The mode profile of
SHG wave depicted in Fig. 4(b) show a diameter of 20 µm (1/e2 intensity). The mode profile of
fundamental wave in Fig. 4(c) seems like an inclined ellipse. The measured major and minor
axes (1/e2 intensity) of fundamental mode are estimated to be 22 µm and 13 µm, respectively. It
should also be noted that the mode profiles in Figs. 4(b) and (c) did not fill the whole cladding
area and keep away from the tracks. Therefor the scattering loss induced by the laser written
tracks could be alleviated during the light propagation.
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Fig. 6. Measured second harmonic output power and corresponding conversion efficiency
as a function of the incident fundamental power of waveguide No. 5 at CW laser regime (a)
and pulsed laser regime (b).
We have also investigated the SHG properties of the waveguide No. 5 by a Q-switched short
pulse laser, which is shown in Fig. 6(b). For the low power regime, a normalized conversion
efficiency of 3.81%/(W·cm2) is achieved. The maximum conversion efficiency (P2ω/Pω) of
54.3% is achieved, in which 153 W SH peak power is obtained for an incident peak power of 282
W. We maintain the peak power at 1064 for several hrs. The conversion efficiency is stable. M.
Triplett et al. reported the broadening of the SHG spectrum when pumping the PPSLT waveguide
with high power CW light [44]. It is believed that the heating effect and the related temperature
gradient inside the waveguide cross section are responsible for that. In our present pulse case, the
peak power of the pump is high enough to excite a high power conversion efficiency. However,
the average power is still very low due to the short pulse duration (3.6 ns), which greatly alleviate
the heating effect during the SHG process. As indicated in Fig. 6(b), when the pump peak power
increase further, the conversion efficiency decreased due to the down conversion from the SH to
the fundamental wave [25]. The SHG characterization of all the waveguides in CW and shorter
pulse regime are listed in Table 2. The conversion efficiencies of SH wave in pulsed regime listed
in Table. 2 were measured while maintaining the input peak power smaller than 1W.
Table 2. The nonlinear SHG waveguides properties
Waveguides Poling period (µm)











No.1 7.83 11.56 3.12 3.27 45.6%
No.2 7.85 12.59 3.25 2.71 47.1%
No.3 7.87 10.51 3.28 3.49 55.2%
No.4 7.89 11.69 3.39 3.69 49.6%
No.5 7.91 14.87 3.55 3.81 54.3%
No.6 7.93 8.33 2.17 2.35 32.5%
No.7 7.95 11.01 2.64 2.87 37.8%
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4. Summary
In conclusion, we have demonstrated the fabrication of cladding waveguides in fan-out MgO
doped fan-out PPSLT crystal by direct femtosecond laser writing. Seven low-loss individual
waveguides are successfully fabricated with stepwise changed poling periods. The minimum
insertion loss of the cladding waveguides is about 0.54 dB at wavelength of 1064 nm. In
addition, we have investigated the SHG properties of all the seven waveguides in CW and short
pulse regime with low average power. In the CW regime, the maximum normalized conversion
efficiency is about 3.55%/(W·cm2) of waveguides with 7.91 µm poling period in a periodically
poled length of 8.7 mm. In the pulsed laser regime, a maximum conversion efficiency (P2ω/Pω)
of 54.3% is achieved in an incident peak power of 282 W without any crystal damage induced by
photorefractive. The above results indicate that MgO-doped PPSLT is a promising alternative
to PPLN for the nonlinear optical photonic devices especially in the pulse/high power density
domain, where the resistance to optical damage is the key requirements.
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